glucose, left ventricular weight, or body weight but nearly doubled absolute and relative capillary densities compared to untreated controls (1.2 vs. 0.6 capillaries/myocyte in heart and 1.5 vs. 0.9 capillaries/myocyte in quadriceps muscle) after 13 weeks of diabetes. No antiapoptotic or angiogenic influence of pioglitazone was detected while a reduced expression of hypoxia-inducible factor-3 ␣ and PPAR coactivator-1 ␣ (PGC-1 ␣ ) mRNA as well as vascular endothelial growth factor (VEGF) protein possibly occurred as a consequence of improved vascularization. Conclusion: Pioglitazone preserves microvascular structure in diabetes independently of improvements in glycemic control and by a mechanism unrelated to VEGF-mediated angiogenesis.
athy, and include dysregulation, enhanced permeability, and pathologic angiogenesis, as well as capillary rarefaction. The latter phenomenon can be differentiated into a functional insufficiency of capillary recruitment and a structural reduction of capillary density, both of which impair tissue perfusion in a reversible or chronic manner, respectively [1] . Structural deterioration of the capillary network has consistently been observed in models of type 2 diabetes and hypertension, the hallmarks of the socalled 'metabolic syndrome' [2, 3] . Interestingly, capillary rarefaction is even present in normotensive men with a hypertensive disposition [4] and correlates inversely with insulin resistance in nondiabetic men [5] , thereby suggesting a causal involvement in the precipitation of both diseases. Pathomechanisms of metabolic syndrome such as an increased demand of vascular perfusion pressure and an impairment of metabolite exchange may well be attributed to capillary rarefaction which is therefore considered as a promising target of therapy [6] [7] [8] .
Activators of the peroxisome proliferator-activated receptor-␥ (PPAR-␥ ) transcription factor, e.g. the thiazolidinediones (TZDs), increase insulin sensitivity and therefore ameliorate hyperglycemia in type 2 diabetes. Apart from this, TZDs display a broad spectrum of activities, most of which are therapeutically beneficial and associated with anti-inflammatory and vasoprotective mechanisms [9] . It has been proposed that reduction in the progression of type 2 diabetes and of diabetic nephropathy is a consequence of such pleiotropic actions of TDZs. Experimentally, the TZD pioglitazone (PIO) preserves the function of glomerular microvessels even in a rat model of streptozotocin (STZ)-induced diabetes which excludes a concomitant influence on glucose metabolism [10] . Since TZDs increase the availability of nitric oxide through direct activation of NO synthase and reduction of inflammation [11] , such treatment may target one major pathomechanism of structural diabetic damage of the microcirculation [12] . We therefore hypothesized that treatment with PIO might prevent diabetic capillary rarefaction in a manner independent of its antihyperglycemic activity.
Material and Methods

Experimental Protocols
All experiments were approved by the Authorities of SchleswigHolstein and complied with principles of laboratory animal care. A total of 50 male Wistar rats aged 8 weeks (Charles River, Sulzfeld, Germany) were used in 3 experimental protocols: (1) time course of capillary rarefaction (nondiabetic control rats, and rats after 5, 7, and 13 weeks of diabetes; n = 5), (2) long-term treatment [diabetic rats fed with standard chow (Altromin, Lage, Germany), or chow supplemented with 0.01% PIO (Takeda Pharma, Germany) for 12 weeks; n = 10], and (3) short-term treatment (nondiabetic control and STZ-diabetic groups, the latter treated with either solvent or PIO, 10 mg/kg body weight by gavage for 4 days; n = 3-4). Diabetes was induced by i.p. injection of STZ (75 mg/kg body weight in citrate buffer, 0.1 mol/l, pH 4.5). Blood glucose levels were determined 2 days after STZ injection and had to exceed 22 mmol/l for further inclusion of the animal. Treatments with PIO began 8 days after induction of diabetes with the provision of supplemented chow or once-daily oral application. Blood pressure and heart rate were determined by tail plethysmography [13] . Rats were killed by i.p. injection of pentobarbital (100 mg/kg body weight).
Capillary Morphometry
Heart and quadriceps femoris muscles were quickly excised and cut for the preparation of transverse disks of the left ventricle and the rectus femoris portion which were snap frozen in 2-methylbutane (-80 ° C). After mounting in Lipshaw embedding matrix, 10-m-thick slices were generated with a cryotome (CM 3050; Leica, Germany). Capillary endothelium was labelled with a primary antibody against platelet endothelial cell adhesion molecule-1 (PECAM-1, mouse anti-rat CD31, 1: 1,000; Serotec, USA) which was detected using the Biotin-Streptavidin-HRP technique (Vectastain Elite ABC; Vector Laboratories, Burlingame, Calif., USA). Appropriate negative controls were included. Nuclei were counterstained with hemalaun. In each sample, 20 fields with an area of 0.0357 mm 2 each were selected following the criteria of Weidner [14] before they were photographed and analyzed for the number of stained capillaries and myocytes. Apoptotic nuclei were visualized in cryosections using the TUNEL reaction (DeadEnd Fluorometric TUNEL System; Promega, USA).
Biochemical Analysis
Plasma glucose was determined in venous blood using the glucose-oxidase reaction (Elite XL; Bayer, Germany). Urine was sampled from the bladder at the end of the experiment and analyzed for albumin by nephelometry (Clinical Laboratory, University Clinics, Lübeck, Germany). The activity of caspases 3 and 7 was measured in homogenates of quadriceps muscle using a luminescent substrate according to the manufacturer's recommendations (Caspase-Glo 3/7; Promega). Vascular endothelial growth factor (VEGF)-A was determined in plasma and in homogenates of quadriceps muscle (2 mg protein/ml) using a commercial ELISA (Quantikine; R&D Systems, Minneapolis, Minn., USA). mRNA was extracted, reversely transcribed, and quantified by real-time PCR as previously described [15] .
Materials
All substances were obtained in highest quality from either Sigma (Taufkirchen, Germany) or Merck (Darmstadt, Germany) unless stated otherwise.
Statistics
Data were evaluated using Student's t test or one-way ANOVA as appropriate. p ! 0.05 was considered statistically significant.
Results
Time Course of Capillary Rarefaction
Within 2 days of injection, STZ provoked a prominent hyperglycemia that was accompanied by typical symptoms of diabetes (glucosuria, polydipsia). During 13 weeks of diabetes, a slight rise in systolic blood pressure (from 104 8 2 to 128 8 3 mm Hg, p ! 0.05) was observed while plasma glucose (604 8 8 mg/dl), body weight (280 8 18 g), and left ventricular weight (542 8 40 mg) remained constant. A progressive loss of capillaries occurred in the quadriceps muscle regarding the area density (from 971 8 86 to 475 8 51 mm -2 after 13 weeks) as well as the number of capillaries per myocyte ( fig. 1 ).
Microvascular Protection by PIO
Rats included in the placebo group of the long-term treatment study developed a degree of capillary rarefaction similar to that of the group with 13 weeks of diabetes in the kinetics study ( fig. 2 ). Ingestion of PIO for 12 weeks in the active treatment group did not influence basic metabolic parameters but significantly reduced blood pressure and urinary albumin excretion ( table 1 ) . When treatment was begun 8 days after the induction of diabetes, PIO consistently attenuated the development of capillary rarefaction in skeletal as well as heart muscle ( fig. 1 b) but did not fully preserve the capillary density of nondiabetic rats (971 8 86 mm -2 in quadriceps muscle). While PIO had no influence on myocyte size in skeletal muscle, it slightly decreased the number of myocytes per unit of area in the myocardium ( fig. 1 c) . Visualization of apoptosis in myocardial tissue revealed a very low incidence (less than 3 TUNEL-positive cells in each preparation) which was restricted to nonmyocytes. Biochemical assessment of caspases 3 and 7 demonstrated an increase in the combined activity in the PIO-treated group ( table 1 ) . The mRNA expression of hypoxia-induced factors and their target genes [VEGF, glucose transporter 1 (Glut1), endothelial nitric oxide synthase (NOS3)] was not affected by PIO, with the exception of hypoxia-inducible factor (HIF)-3 ␣ whose transcript levels were reduced ( table 1 ) . PIO reduced the abundance of VEGF protein in plasma ( table 1 ) but induced no significant alteration in quadriceps muscle (63.2 8 7.6 vs. 67.7 8 7.9 pg/mg protein for PIO vs. the control group, respectively). The mRNA expression in quadriceps muscle of further factors with angiogenic potential was either unchanged (NOS3) or reduced (PPAR coactivator 1 ␣ ; PGC-1 ␣ ) ( table 1 ) .
Effects of PIO on Apoptosis in Short-Term Diabetes
To demonstrate a possible induction of apoptosis early in the development of diabetes, rats were rendered diabetic for a total of 12 days and treated during the final 4 days with either PIO or placebo. Again, the incidence of TUNEL-positive cells was too low to be quantified morphologically. Compared with a nondiabetic control group, the combined activities of caspases 3 and 7 were identical in the skeletal muscle of diabetic animals, and PIO developed a tendency to increase caspase activities further ( fig. 3 ). Compared to skeletal muscle, caspases were slightly more active in the myocardium and likewise were not influenced by diabetes or PIO treatment ( fig. 3 ). While 12 days of diabetes induced no difference in VEGF protein concentration in plasma, the tissue content of VEGF in skeletal muscle was reduced in diabetic (142 8 65 pg/mg protein) compared to nondiabetic rats (360 8 55 pg/mg protein) and it was diminished even further by concomitant treatment with PIO (67 8 2 pg/mg protein).
Discussion
This study is the first to demonstrate that capillary rarefaction occurs in the rat model of STZ-induced diabetes. Such damage to the microcirculation is a known consequence of type 2 diabetes (e.g. in the Zucker rat [2] ) and of hypertension (genetic or induced by glucocorti- Ca spase activities and mRNA expression profiles were determined in quadriceps muscle. n = 10, * p < 0.5 vs. placebo. Apoptosis in skeletal and heart muscle after 12 days of induced diabetes. Neither an increase in apoptosis in comparison to nondiabetic rats nor an influence of PIO treatment could be verified according to the combined activities of caspases 3 and 7 (n = 3-4).
coids or by inhibition of NO synthesis [3, 16, 17] ). Together with analogous observations in STZ-treated mice [18, 19] , the present study indicates a general microvascular pathophysiology of hyperglycemia which is independent of further diabetic implications, such as hypertension or endocrine derangement. Importantly, capillary deterioration in our model proceeds for many weeks so that a direct vascular toxic action of STZ, which has a half-life of less than 1 h, can be excluded. The development of capillary rarefaction may involve various detrimental factors, but a pivotal role in diabetes as well as hypertension has been ascribed to the abundance of oxygen radicals in relation to a reduced NO bioavailability [12, 20] . This imbalance may trigger apoptosis of endothelial cells or pericytes either directly or through activation of NF-B [21, 22] . High glucose concentrations in vitro stimulate several pathways in endothelial cells that lead to enhanced mitochondrial superoxide production, thereby triggering specific diabetic alterations [23] . The causal role of oxygen radicals for the development of capillary rarefaction in vivo can be deduced from the protective action of radical scavengers [12, 20] . Although a variety of vascular actions have been reported for TZDs, little is known about a potential protection of the microcirculation. Studies in the context of diabetes have focused on proangiogenic mechanisms that were induced by ischemia or simulated in vitro [24, 25] . In contrast, the present study targeted the deterioration of microvascular structure imposed by diabetes alone. Since PIO did not influence hyperglycemia in the STZ model, its protective action must have resulted from interference with specific downstream targets which most likely converge on the relationship of NO and oxygen radicals. In the setting of diabetic vasculopathy, TZDs have been demonstrated to reduce oxidative stress by activation of NO synthase, by suppression of superoxide generation and down-regulation of NADPH oxidase, and by various anti-inflammatory actions, e.g. inhibition of NF-B in various cell types [9] [10] [11] . The ability of TZDs to counteract the sequels of NO deficiency is underlined by the observation that rosiglitazone delayed capillary loss in a model of pharmacological NO-synthase inhibition [17] . In view of these well-characterized antioxidant activities of PPAR-␥ agonists, it appeared to be obvious that these pathways would contribute to vascular protection observed in STZ-induced diabetes, so that their further delineation was not a primary goal of our in vivo study.
Instead, our analyses were directed toward the possible antiapoptotic and proangiogenic components of protection. Although hyperglycemia has been shown to induce apoptosis of vascular cells [21, 22] , no increase in caspase activity was detected in our study in skeletal or ventricular muscle after 12 days of diabetes ( fig. 3 ). This may be explained by the chronic presence of hyperglycemia that would enable as little as 10% enhancement of apoptosis to produce long-term alterations in the microcirculation [16] . Caspase activation to such little extent indeed occurred in skeletal muscle of diabetic rats, but the impact of diabetes could not be verified statistically ( fig. 3 ) . Even more surprising, PIO was found to increase caspase activities in the skeletal muscle of diabetic rats, indicating an increased rate of apoptosis ( table 1 ) . This contradicts the presumed antiapoptotic action of PIO in endothelial cells. However, it cannot be excluded that an antiapoptotic influence on a specific cell population might have been masked by an increase in apoptosis in other tissues since apoptotic nuclei were too infrequent to allow an analysis of cell type distribution. In fact, induction of apoptosis in nonendothelial cells appears quite feasible since PPAR-␥ agonists are known for such activities in vascular smooth muscle cells and macrophages and may even counteract inflammation in this way [26, 27] .
An alternative explanation for the preservation of capillary numbers by PIO might be related to a proangiogenic influence. Despite the fact that the vascular pathophysiology of diabetes includes a proliferative component, an insufficiency of compensatory angiogenesis is evident as well, as exemplified by an impairment of wound healing. Low protein levels of VEGF were associated with capillary rarefaction in the present study as well as in kidneys of diabetic patients [28] and may originate from a deficient response of VEGF expression to stimulation via HIF [29] . Typically, TZDs stimulate VEGF expression and improve the angiogenic response to ischemia [24, 30, 31] . However, such activity was observed in our study. VEGF concentrations in plasma were rather decreased by PIO, and mRNA expression in skeletal muscle showed a parallel, albeit statistically insignificant, tendency ( table 1 ) . Since PIO may provoke capillary protection by restoring the sensitivity of HIF, we investigated the mRNA expression of all known ␣ -units of HIF, the cofactor HIF-1 ␤ , some target genes (VEGF-A, Glut1, NOS3), and PGC-1 ␣ , the latter being able to induce VEGF expression in an HIF-independent manner [32] . However, no evidence was found for an influence of PIO on any HIF subtype, with the exception of HIF-3 ␣ ( table 1 ) . This subtype is known to be transcriptionally induced by hypoxia and in cardiac failure [15, 33] and is considered to be a negative regulator of typical HIF activities. Taken together, the reduced expression of HIF-3 ␣ and of PGC-1 ␣ in association with reduced plasma levels of VEGF protein bear no indication of an involvement of VEGF in the vasculoprotective action of PIO. Rather, these alterations may be interpreted as secondary consequences of an improved nutritional supply that has been achieved through the enhancement of capillary density.
A confounding influence on the morphological analyses of this study arises from the development of diabetic cardiomyopathy. Cardiac remodeling in STZ-diabetic rats can include myocyte loss and compensatory hypertrophy that would reduce the vascular area density of even a constant number of microvessels. However, the loss of microvessels observed in this study greatly outnumbered any potential myocyte decay that might have occurred, as exemplified by the progressive decrease in the capillary/myocyte ratio in skeletal muscle ( fig. 1 ). In the present study, PIO treatment decreased cardiomyocyte density ( fig. 2 ) so that its preservative action in terms of the relative capillary density could even have exceeded the clear increase in area density ( fig. 2 ). As such, diabetic cardiomyopathy exerts no decisive influence on the interpretation of capillary rarefaction and its amelioration by PIO. However, PIO tended to enhance rather than reverse diabetic cardiac hypertrophy, as indicated by the reduction of myocyte density. This structural alteration is a typical consequence of PPAR-␥ activation and appears to be caused by fluid accumulation and hemodynamic overload [34] . Additional findings about direct myocardial actions of PPAR-␥ are ambiguous. Pharmacological activation of PPAR-␥ may be cardioprotective [35] , while its transgenic expression induces metabolic cardiomyopathy [36] . As such, there must be concern that the increase in caspase activities observable in PIO-treated rats might indicate myocyte loss. The present study cannot exclude this possibility; however, myocyte apoptosis was not evident in TUNEL-stained specimens of heart or skeletal muscle, and a recent study even reported the prevention of apoptosis by a TZD in the myocardium of a corresponding STZ model [37] . Since the possibility of such adverse actions would be crucial for the evaluation of the cardiac safety of TZDs, studies with high sensitivity and high degrees of tissue discrimination should be performed.
In conclusion, PPAR-␥ activation by PIO has been shown to protect the microvasculature of skeletal and cardiac muscle from structural decline. This protection occurs in the absence of metabolic effects of PIO and seems to be unrelated to angiogenic actions of VEGF. An increase in capillary density should contribute to restoration of insulin sensitivity and to retardation of diabetes manifestation, achievements that represent the hallmarks of TZDs in clinical therapy.
